Fundamental physical and (electro) chemical principles of rechargeable battery operation form the basis of the electronic network models developed for Nickel-based aqueous battery systems, including Nickel Metal Hydride (NiMH), and non-aqueous battery systems, such as the well-known Li-ion. Refined equivalent network circuits for both systems represent the main contribution of this paper. These electronic network models describe the behavior of batteries during normal operation and during over (dis) charging in the case of the aqueous battery systems. This makes it possible to visualize the various reaction pathways, including convention and pulse (dis) charge behavior and for example, the self-discharge performance.
Introduction
Sustainability is one of the main challenges of our present-day society. A sustainable economic development requires clean renewable energy sources and, therefore, efficient energy storage media. Wind, solar and tidal energy are examples of renewable but irregular energy sources that require storage to accumulate and deliver electricity reliably under these highly fluctuating conditions. Figure 1 illustrates the need for energy storage in various applications. Until recently, energy-storage and conversion devices like secondary (rechargeable) batteries, fuel cells and super-capacitors were mainly used in portable electronic appliances (notebooks, cell phones, etc.) and stand-alone equipment (reserve power supplies, power tools). Today there is a strong tendency to diversify the area of applications and hence the need for various energy-storage devices: on the one hand, bigger storage systems are applied in, for example, (hybrid) electrical vehicles and industrial-scale facilities and, on the other hand, very small sized energy-storage devices are used, for example, wireless autonomous devices and medical implants [1, 2] as is schematically represented in Figure 1 .
A universal tool describing battery performance under a wide variety of conditions and applications is therefore highly desirable. Electronic network modeling delivers such universal tool and nicely visualizes the processes taking place inside rechargeable batteries. Based on these generic models, new Battery Management algorithms can be developed, which control the performance of these battery systems under all operating conditions, facilitating comfort, a long cycle life, reliability and safety. In this paper, the fundamental principles of electronic network modeling will be outlined for both Nickel Metal Hydride (NiMH) and Li-ion batteries and some modeling examples forming the core of advanced Battery Management Systems (BMS) will be presented.
State of the Art Rechargeable Batteries
Main types of secondary battery systems currently available on the market are presented in Table 1 . Starting with the lead acid battery, new systems have been developed during the last century and the main achievement has been that the energy density has been increased continuously, enabling the new applications introduced above. Apparently, increase in energy density puts more restrictions on the safety control of these new storage systems. Although the oldest sealed lead-acid technology has a favorable cost advantage, these batteries are heavy and therefore poor in terms of specific energy. NickelCadmium (NiCd) batteries deliver significantly improved specific energy and high-(dis) charge-rate capability, but are obviously not environmentally friendly. The NiMH technology provides a high specific energy and involves no significant pollution but can build up high internal gas pressures, which might generate some problems during prolonged over (dis) charging. A relatively high self-discharge rate is another drawback of Nickel-based aqueous battery systems. The most advanced lithium-based technology offers the highest specific energy and energy density. This battery system has been developed rapidly over the last two decades in response of mobile electronic industry and more recently the automotive industry. The Cobalt-oxide based Li-ion batteries were fairly criticized because of their poor safety properties. Introduction of mixed-oxides and iron-phosphate cells has improved the safety significantly. However, Li-ion batteries require sophisticated BMS to control the safety and cycle life, making this battery system as a whole more expensive.
Hydrogen Storage and NiMH Batteries
An alternative way of storing energy, which has been continuously under development during the last decades, is by making use of hydrogen. Hydrogen has a record high energy content per unit of weight and is, therefore, a natural candidate as alternative energy carrier. At the same time hydrogen gas possesses a low volumetric energy density, thus advanced hydrogen storage methods is essential. It has therefore been emphasized that efficient hydrogen storage via the gas phase is also one of the key factors, enabling the future hydrogen economy, which will be based on the extensive use of hydrogendriven Fuel Cells in a wide range of stationary and portable applications. The demand for finding appropriate solutions to store hydrogen in the gas phase is, therefore, high. The basic principles of gas phase storage in Metal Hydride (MH) materials will be outlined below. Subsequently, it will be shown that these materials can be used to store large amounts of electricity in NiMH batteries.
The first step of hydrogen storage via the gas phase is dissociation of hydrogen molecules at the solid/gas interface. The as-produced adsorbed hydrogen atoms are subsequently moved towards interstitial sites inside the solid (M), inducing the absorption process. Fortunately, these reaction steps are reversible for many hydrogen storage materials and hydrogen can therefore also be desorbed. The overall reaction can be represented by
A chemical equilibrium exists between hydrogen stored in the solid and that present in the gas phase, which is generally characterized by pressure-composition isotherms, see e.g. [3] . A typical pressure-composition absorption isotherm and accompanying phase diagram are schematically shown in curve (a) and (b) of Figure 2 , respectively. During hydrogen absorption at low concentrations, a solid solution is formed, which is generally denoted as the α-phase. In this concentration region the partial hy-
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is clearly dependent on the amount of stored hydrogen. After the hydrogen concentration has reached a certain critical value (x α ), phase transition occurs and the α-phase is continuously transformed into the β-phase. The pressure dependence in this two-phase coexistence region is generally characterized by a (sloping) plateau. Phase transition is completed at x β and a solid solution is subsequently formed by the β-phase only. This typical three-step process will play an important role in the present paper with respect to electrochemical energy storage in the case of rechargeable NiMH batteries.
Hydrogen storage can also be induced electrochemically in strong alkaline electrolyte, according to
The operation principle of NiMH batteries is based on the latter reversible electrochemical process and hydrogen storage is induced by a current-driven charge transfer reactions. A layout of a NiMH battery, containing a hydride-forming MH electrode and a Ni electrode is shown in Figure 3 . A porous polymer separator electrically insulates the electrodes. Both separator and electrodes are impregnated with a strong alkaline solution (usually of the order of 7 mol·l −1 KOH) that provides the ionic conductivity between the two electrodes. The overall electrochemical reactions, occurring at both electrodes during charging (ch) and discharging (d) 
During charging divalent Ni II is oxidized into the trivalent Ni III state and a proton and electron are released from the Ni electrode. The proton reacts with OH − in the electrolyte to give water. The electrons are transported via the charger to the other, metal (M), electrode where water is reduced to atomic hydrogen atoms which are, subsequently, absorbed by the hydride-forming compound to give MH. The reverse reactions take place during discharging. The net effect of this reaction sequence is that hydrogen is transported from one electrode to the other.
In general, exponential dependences between the partial anodic/cathodic currents and the applied electrode potential are observed under kinetically controlled conditions, as is schematically depicted in Figure 4 (dashed curves). The potential scale is given with respect to an Hg/HgO reference electrode. The equilibrium potential of the Ni electrode under standard conditions is more positive ( eq Ni E 439 = + mV) than that of the MH electrode.
The equilibrium potential of the MH electrode ( ) eq MH E depends on the partial hydrogen pressure of the hydrideforming materials, according to
where F is the Faraday constant, R the gas constant, T the temperature [K], I is reported to be relatively low, which implies that at a given constant anodic current ( ) a Ni I the established overpotential at the Ni electrode is relatively high (Figure 4) . In contrast, the kinetics of the MH electrode is reported to be strongly dependent on the materials composition. Assuming a highly electro-catalytic hydride-forming compound, this implies that the current-potential curves for the MH electrode are very steep in comparison to those for the Ni electrode, resulting in a much smaller value for MH η at the same cathodic current c MH I , as is schematically shown in caused by the electrical resistance of the electrolyte (R e ). The reverse processes occur during discharging, resulting in cell voltage lower than 1.3 V.
To ensure proper functioning of sealed rechargeable NiMH batteries under a wide variety of operating conditions, the Ni electrode is designed to be the capacitydetermining electrode, as is schematically depicted in 
As a result, the partial oxygen pressure inside the sealed cell starts to rise. Advantageously, oxygen can be transported to the MH electrode, where it can be reduced at the MH/electrolyte interface at the expense of the hydride-formation reaction (4), according to
Both the oxygen evolution and the so-called oxygen recombination reaction are schematically represented in Figure 3 by the curved arrows. Because the overpotential for the recombination reaction at the MH electrode is relatively high it has been argued that its rate is most probably transport-controlled by the oxygen supply through the electrolyte [4] . The oxygen recombination mechanism ensures that the partial oxygen pressure inside the NiMH battery will be kept low. It should be noted that both oxygen and hydrogen gas are present during overcharging as has recently been analyzed and simulated [5, 6] . Explanation of the layout and the basic principles of a NiMH battery can be found in [7, 8] . Figure 5 illustrates the general concept of a lithium-ion battery. The Li-ion battery consists of two electrodes, a porous separator impregnated with a non-aqueous elec- 
Li-Ion Batteries
where ( )
, describing the extraction of Li + ions from the positive electrode during charging and the insertion of Li + ions during discharging, where x represents the mol-fraction of lithium inside the positive electrode. Note that for a proper reversible functioning of a lithium-ion battery not all lithium can be removed from the positive electrode. This implies that x can, in practice, not become higher than 0.5 in 1 2 Li CoO
The corresponding reaction at the negative electrode can be described by ( )
where z gives the mol-fraction of Li + ions inside the negative electrode. As a result of these electrochemical charge-transfer reactions, Li + ions must cross the electrolyte under current-flowing conditions (see Figure 5) . The electrolyte in lithium-ion batteries is based on a dissociated lithium-containing salt, for example, lithium hexafluorophosphate (LiPF 6 ) or lithium perchlorate (LiClO 4 ), which is an ionic-conductive medium. Various mixtures of ethylene carbonate (EC), diethyl carbonate (DEC), and dimethylcarbonate (DMC) are used as nonaqueous solvents. The ions in the electrolyte are transported by both diffusion and migration, the latter process being induced by the electric field between the electrodes across the electrolyte. The overall main electrochemical storage reaction can then be represented as LiCoO Li C Li CoO Li C .
Interestingly, it can be concluded that the fundamental energy storage mechanism in both NiMH and Li-ion batteries is exactly the same, by making use of host materials in which either hydrogen or lithium are stored in a safe way.
Modeling NiMH Batteries
Equivalent electronic network models have been developed for various types of rechargeable batteries [4, [7] [8] [9] [10] .
These models are all based on the macroscopic description of the fundamental (electro) chemical and physical processes occurring inside these battery systems, enabling quantification of these processes. Reported simulation results are in good agreement with experiments [4, [7] [8] [9] [10] . Figure 6 represents the electronic network model for a NiMH battery, in which the two electrodes and, in between, the electrolyte can be recognized (see Figure  3) . Three parallel reaction pathways can be distinguished at the nickel electrode: the main electrochemical storage reaction (3); the oxygen evolution overcharge reaction (6) and the hydrogen evolution overdischarge reaction. Similarly, three reaction pathways can be discerned at the MH electrode, including the main electrochemical hydride formation reaction (4); the oxygen recombination reaction induced during overcharging (7) and the hydrogen recombination reaction induced during overdischarging. Furthermore, two domains can be distinguished in Figure 6 , the electrical and the chemical domain, separated by an ideal transformer. Energy storage in the electrical domain is modeled by electrical double-layer capacitances C dl , which is physically caused by electrical charging of solid electrodes in contact with ionic electrolytes. The coupling between the electrical and chemical domains is represented by ideal transformers [8] . Each electrochemical-to-chemical transition pathway j is modeled by an ideal transformer in series with two antiparallel diodes D j , with one diode representing the kinetics of the oxidation (Ox) reaction and the other that of the reversed, reduction (Red), reaction.
In the chemical domain, 
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tion of the oxidized and reduced Nickel species. The diffusion process of protons inside the Nickel electrode is modeled by an RC-ladder network. The electrode has therefore been divided into spatial elements. The capacitances on the left-hand side consider the molar amounts of the NiOOH species in each spatial element i and the capacitances on the right-hand side represent the molar amounts of the Ni(OH) 2 . The top of the RC-ladder network at x = 0 gives the surface concentrations at the electrode/electrolyte interface, at which the electrochemical charge transfer reaction takes place. The bottom of the ladder network represents the electrode/current collector interface at x = l. The diffusing H + ions (protons) can only cross the electrode/electrolyte interface as a result of the electrochemical charge transfer reaction, whereas they cannot cross the electrode/current collector. Apart from the main electrochemical storage reaction, the oxygen evolution reaction will take place during overcharging in aqueous battery systems. Similar as in the case of the Ni reaction this charge transfer reaction can be modeled by two anti-diodes ( As the present network modeling approach is generic, the same structure and terminology can be adopted for the MH electrode, including the various charge transfer reactions at the MH electrode and hydrogen diffusion inside the MH electrode. Again three reaction pathways can be distinguished. From Figure 6 it is clear that oxygen is evolved at the Ni electrode during overcharging, which can recombine at the MH electrode. From conventional reaction kinetics it is obvious that an oxygen pressure will be build-up inside the NiMH battery during overcharging. This pressure can be modeled by a capacitance 2 O ch C and represents the total molar amount of oxygen present inside the battery (Figure 6) . Similarly, the hydrogen pressure is modeled by 2 H ch C . Based on the electronic network model presented in Figure 6 , the operation of a NiMH battery has been simulated under constant current charging conditions. After giving each parameter a physically realistic starting value and defining an appropriate cost function, an optimization algorithm has led to the result shown in Figure  7 . It is clear that initially the NiMH battery voltage increases slowly as a function of time, i.e. as a function of State-of-Charge, to increase more steeply when the battery is approaching the fully charged state. The internal gas pressure is initially very low but starts to compete with the main electrochemical storage reaction at about 25% SoC. The pressure can become as high as 5 bar in this simulation which agrees well with our experiments. Resulting from the high partial oxygen pressure inside the gas phase the recombination reaction at the MH electrode is started. It has been analyzed that especially this recombination reaction is responsible the heating up of Ni-based battery batteries as can be seen on the temperature curve which increases steeply close to 100% SoC up to 60˚C in this example. In turn, this temperature increase reduces the overpotentials of all electrochemical charge transfer reactions, resulting in a decrease of the battery voltage at the end of the charging process. Advantageously, this voltage decrease is often used as simple cutoff criteria to terminate the charging process of Ni-based battery systems.
One interesting example of our network model is to visualize the self-discharge behavior of Ni-based battery systems. Figure 8 shows the self-discharge behavior as a function of time at various ambient temperatures after the 
battery was fully charged in the simulations up to 100% SoC. Clearly the self-discharge follows an exponential decay and is more pronounced at higher temperatures, which can be well explained by conventional reaction kinetics. Interestingly, by considering the electronic network model the phenomenon of self-discharge can be nicely explained: after switching off the charging current in the external circuit most of the electricity has been converted into chemical energy by letting the current flow through the oxidation diode into the transformer towards the chemical domain. However, from Figure 6 it is also clear that current can flow back from the chemical domain, via the backward diode towards the oxygen side reaction part, forming oxygen gas at the expense of the stored charge in the Nickel electrode. The origin of the self-discharge process must therefore be sought in the thermodynamics of the Ni electrode making it thermodynamically unstable in aqueous solutions. Fortunately the kinetics of the oxygen reaction is relatively poor so that these systems still are very attractive as electricity storage devices in many applications such as in, for example, hybrid electrical vehicles.
Modeling Li-Ion Batteries
The electronic network model for Li-ion batteries is shown in Figure 9 and is essentially very similar to that of NiMH. The LiCoO 2 electrode model is shown on the left-hand side in Figure 9 and the LiC 6 electrode model on the right-hand side. The electrolyte is shown in between the two electrodes and facilitates ionic conductivity. Two double layer capacitances (C dl ) representing the two electrodes can be recognized in the chemical domain together with the diodes (D i ) representing the charge transfer reactions and the ohmic resistances (R i ) inside both electrodes. As hardly any side-reactions occur when (dis) charging is controlled in a proper way, only a single charge transfer reaction has to be included in the electronic network model. After the charge transfer reaction has taken place, electricity is converted into the chemical species in the chemical domain, which is again schematically indicated by transformers. The diffusion processes inside both electrodes are also modeled by ladder networks, including capacitors and resistances and representing the concentration and the diffusion of Li-ions within both intercalation electrodes, respectively.
As far as the electrical and chemical domains of both electrodes are concerned the similarity with Ni-based systems is very close. In the case of aqueous battery systems, the electrolyte can be modeled by a simple resistance R e (see Figure 6 ) as the ionic concentration in the electrolyte is very high, i.e. more than 8 molar KOH [8, 10] . In the case of organic Li-ion batteries the ionic concentration is, however, much lower, of the order of 1.5 molar and, consequently, the mathematical descripttion of the transportation process becomes much more complicated [11, 12] . Due to these low concentrations both diffusion and migration has to be included. These complex processes have been mathematically derived in [8, 12] and can be represented by a complex ladder network in Figure 9 in which both the Li + and 6 PF − ions, in the present example, play an important role. The selfdischarge of Li-ion takes place at a much lower magnitude and the mechanism is therefore quite deviating from that of Ni-based battery systems. Assuming that the selfdischarge within Li-ion batteries is due to the electronic conductivity of the electrodes and electrolyte this can be modeled by a temperature-dependent resistor R leak across the electrodes. The temperature-dependence has been described by an Arrhenius type of representation [8, 13] .
Application of mathematical modeling of Li-ion batteries is successful in the prediction of the voltage and current evolution during (dis) charging, as an example shows in Figure 10 . Here a constant-current-constantvoltage (CCCV) charging regime is applied to a Li-ion battery, followed by a 30 minutes resting period and the cycle is completed by constant current discharging until the cut-off voltage of 3.0 V is reached. Good agreement between the model (red line) and experimental result (blue dots) is obtained. One of the advantages of electronic network modelling is that the battery operation becomes completely transparent implying, for example, that the thermodynamically-determined open-circuit voltage of the battery can be visualized as a function of SoC, i.e. EMF dependence on SoC, together with the individual kinetic overpotential contributions. The EMF curve is represented by the green curve in Figure 10 . On top of this curve the individual overpotential contributions are added. The difference between the EMF curve and the pink curve shows the charge transfer kinetics, the subsequent cyan curve represents the Li-diffusion contributions inside the electrodes and the yellow curve corresponds to the overpotential across the electrolyte. Finally, after adding ohmic losses, the total battery voltage is represented by the red line. From this simulation it be- comes clear that the overpotential losses across the electrolyte seems to be most dominant (see voltage difference between the cyan and yellow curves). A more detailed analysis of the concentration profiles of Li + ions inside the electrolyte during the CCCV charging process can be found in Figure 11 , (see complete derivations in [12] ). Starting with the equilibrium situation a steep concentration gradient is initially built up when the current is switched on at t = 0, to quickly reach the steady-state situation in the CC-mode. Steady-state is characterized by a linear concentration gradient. It is worthwhile to note that the Li + concentration becomes very low at the LiC 6 electrode/electrolyte interface. When the charging process is changed from the CC-mode into the CV-mode the current obviously decreases. Consequently, the concentration profile level off to the equilibrium state when the current reaches very low levels at the end of the charging process.
BMS and Modeling
Proper functioning of rechargeable batteries is of primary importance for any electrical appliance but especially for electrical vehicles. Modern BMS provides the user a number of important diagnostics, such as the remaining operation time, remaining charge and power capability. Therefore, BMS is a key element of any battery-powered device. The mathematical battery models developed can form the core of such BMS. However, it has become clear that the performance of batteries may deteriorate during its cycle life, in particular the capacity fades and impedance grows, leading to a reduced storage capacity and battery power.
A Solid Electrolyte Interface (SEI) is known to be present at the surface of the negative electrode of Li-ion batteries. It is ionic conductive, but electronic resistive. Still, electrons can cross the SEI layer due to electron 
OPEN ACCESS ACES
tunneling and reduce the solvent, producing insoluble lithium salts. The SEI protects the negative electrode from aggressive solvents, however, it captures some amount of electrochemically active lithium, thus reducing the battery storage capacity and increasing the impedance. The SEI formation is generally accepted as one of the main processes responsible for battery degradation.
Simultaneously, a decomposition process may also develop at the surface of the positive electrode when the Lithium content becomes lower than 0.5 in Equation (8) .
As a result, part of the active electrode material becomes inactive. These two competing processes result in experimental capacity degradation curves of complex shape (see Figure 12 , [9] ). Two intervals can be discerned where the capacity fade occurs at different rates. The left-hand side of the plots corresponds to the case when SEI formation dominates the overall capacity loss. At some cycle numbers the capacity loss of positive electrode becomes more dominant limiting the overall battery storage capacity. A more theoretical explanation of these degradation processes can be found in [14] [15] [16] [17] . The model is successful in describing the complex shape of capacity degradation curves. Particularly, Figure 12 reveals that the model simulates the capacity degradation of a cylindrical Li-ion batteries under a wide variety of operating conditions, including charging C-rate, maximum cut-off voltage and temperature. All these parameters have a clear influence on the cycling stability. The agreement between the simulation (red lines) and experiment (blue dots) is excellent in all cases. Figure 12 illustrates that ageing is accelerated at higher C-rates, higher cut-off voltages and remarkably lower temperatures.
Based on the knowledge of the ageing processes and taking into account these negatively induced side effects, sophisticated BMS have been proposed [18] . These algorithms include very accurate adaptive State-of-Charge (SoC) determination and Boostcharging. These results are especially interesting for application in Plug-in Electrical Vehicles, since these vehicles, without a doubt, will use Li-based batteries. It is known that Li-ion batteries usually are charged according to CCCV charging regime. Boostcharging [19] is characterized by a short boostcharge period (t boost ), during which a high current (I max ) or a maximum voltage (V max ) is attained, followed by a conventional CCCV period (Figure 13 ). Charging can be very fast (Figure 14) . Fully discharged batteries, at 0% Depth-of-Charge (DoC), can be quickly recharged within 5 and 10 minutes to approximately 35% and 60% of its nominal capacity, respectively. Figure 15 shows that 5 min. boostcharging with additional standard CCCV charging does not have any negative effect on the cyclelife compared to standard CCCV charging, implying that degradation is initiated at high levels of States-of- Charge. At low State-of-Charge even very high C-rates (8 -10) are harmless for modern Li-ion batteries which makes "boostcharging" very attractive for application in PEV.
Conclusion
Advanced Battery Management Systems (BMS) can significantly improve the performance of many battery powered applications such as PEV and HEV. It has been shown that mathematical modeling is an efficient tool to understand the performance of rechargeable batteries and this insight subsequently can be used to improve BMS. An example related to boostcharging has been shown to be feasible, which facilitates ultra-fast and safe charging algorithm. It has been shown that a significant gain in charging rate can be obtained without imposing significant deterioration of the battery cycle life. The combination of advanced charging algorithms and adaptive BMS improves the battery performance and safety for many portable applications including electrical vehicles.
